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Benzoxazine-based resins often afford high modulus and high glass transition polymers 
that are desirable for creating safe and reliable thermoset parts and composites. However, 
benzoxazine resins have had limited widespread deployment into industry due to their high cure 
temperature. By blending functionalized glass substrates with the benzoxazine monomer, we 
hypothesize that the cure temperature of thermosetting resin can be lowered. The structure and 
purity of the particles, determined by NMR and FTIR, will be presented. DSC studies on the 
stability and cure accelerating properties of blends composed of functionalized glass substrates 
and benzoxazine monomer will be determined and compared against blends composed of un-
functionalized glass substrates and a benzoxazine monomer. TGA studies for thermal stability of 
silica particles will also be discussed. The extent of functionalization of the silica will be studied 
via TGA and XPS. The application of this science may be used as an alternative to the current 
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Chapter 1: Introduction 
1.1 Composites  
Multiphase composites were not a distinct classification of materials until the mid-
twentieth century.1 Before then multiphase materials (or composites), such as fiber-reinforced 
plastics, were comprised of bricks made from straw-reinforced clay or metal alloys such as brass 
or steel. In general, composite materials are made up of two or more materials where the 
combination has more favorable properties than the properties of any of the individual materials 
alone. Engineering composites are artificially manufactured multiphase materials consisting of 
two or more chemically dissimilar phases.1 Composite materials are used in high-technology 
applications such as the nautical and aerospace industries where materials need to be lightweight 
but also strong and corrosion resistant. Most composites consist of only two phases: the matrix 
phase and the dispersed phase. The matrix phase is typically a type of thermoplastic or thermoset 
polymer, like polycarbonate or epoxy resin, respectively. The dispersed phase is commonly some 
type of particle or fiber, such as fiberglass. Particle-reinforced composites work by transferring 
some of the stress applied to the matrix to the particles, thus improving the mechanical properties 
of the material. The degree of reinforcement is largely dependent on homogenous distribution of 
the particles in the matrix and on the strength of bonding at the particle-matrix interface. Fiber-
reinforced composites with exceptionally high strength have been produced using low-density 
fiber and matrix materials such as fiberglass and epoxy resin. A common example of this type of 
composite is the glass fiber reinforced plastic (GFRP) used to make items like canoes, 
snowboards, and race cars. Much like particle-reinforced composites, the extent of load 






The two most common methods of manufacturing fiber-reinforced composites in industry 
are pultrusion and the prepreg production process. Pultrusion is a relatively fast and cost-
effective technique to process continuous fiber-reinforced composites (Figure 1.1).  
This method begins by impregnating continuous fiber rovings with a thermosetting resin. The 
rovings are then shaped by being drawn by pullers through a steel die that establishes the 
resin/fiber ratio. The resulting stock is set into its final shape after passing through a curing die 
that is heated to initiate the curing of the resin matrix. Prepreg is a shorter name for the 
production of continuous fiber-reinforced materials that have been preimpregnated with a 
partially cured resin. This prepreg material is rolled up into large spools of tape that can be cut 
and directly molded/cured into shape though an automated lay-up process without the need of 
more resin (Figure 1.2).1  
 
Figure 1.2. Lay-up process of creating airplane parts. 
 





1.2 Thermoplastics and thermosets 
As mentioned in section 1.1 the matrix phase of a composite material is commonly a type 
of polymer. Polymer behavior with rising temperature is divided into two categories: 
thermoplastic polymers and thermosetting polymers.1 As thermoplastics are heated to higher 
temperatures they begin to soften and eventually flow. This causes the van der Waal’s forces 
between the polymer chains to weaken allowing the chains to move past one another. When 
thermoplastics cool they harden into the shape of their container. This process can be reversed 
and repeated. However, if the material is heated to too high of a temperature, irreversible 
degradation will occur. Thermoplastics can be found in many everyday items including 
polyethylene in grocery bags, polystyrene in packing peanuts, poly(ethylene terephthalate) in 
single use water bottles, and poly(vinyl chloride) in PVC pipes.  
Unlike thermoplastics, thermosets become permanently set once they cool into their 
shape. Due to their network structures consisting of covalent crosslinks, as the polymer is heated, 
the bonds anchoring the polymer chains together prevent any movement of the chains. Some 
thermosetting polymers include vulcanized rubbers, epoxides, and phenolics. Common examples 
of these polymers include car tires, aircraft structures, and adhesives, respectively.  
 
1.3 Benzoxazine and polybenzoxazine 
Over the past few decades, a thermoset resin called benzoxazine has been of growing 
interest in aerospace, boating, and electrical industries as an attractive alternative to the resins 
currently used.2 The general synthesis of benzoxazine includes a phenol, a primary amine, and 





Figure 1.3. General synthesis of benzoxazine monomer from a phenol, a primary amine, and 
formaldehyde. R1-R3 can be several different substituents to target desired functionality. 
The first reported synthesis of benzoxazine was published by Holly and Cope in 1944.3 
Since then, other researchers such as Burke,4 Schreiber, and Higginbottom studied the properties 
of small molecular weight benzoxazine and small oligomers.2 Although there were studies done 
to investigate small oligomers in 1973 and the utilization of cross-linked polybenzoxazine in 
1985, it was not until 1994 that the properties of polybenzoxazine were reported by Ning and 
Ishida.5 Benzoxazine polymerizes via a thermally activated ring opening polymerization (ROP) 
which is a more favorable approach than that of the condensation chemistry used to synthesize a 
whole class of materials such as phenolics, epoxides, and bismaleimides because no by-products 
are formed upon cure. On the other hand, when phenol-formaldehyde cures it undergoes a 
polycondensation reaction that produces water as a by-product. As the water is expelled from the 
curing resin it leaves behind voids that can lead to failure of the cured part. Other attractive 
characteristics of benzoxazine include low flammability,6 low water absorption,7 low dielectric 
constants,6,7 near-zero volume shrinkage upon cure,7–10 and a volatile-free cure.9 It also features 
favorable mechanical and thermal properties such as high glass transition temperatures,7,10 high 






Figure 1.4. Nomenclature of 1,3-benzoxazine and oxazine substructure. (a) 3,4-dihydro-2H, 
(b) 3-methly-2H, (c) naming of the oxazine ring. 
A benzoxazine molecule consists of a benzene ring and an oxazine ring (a heterocyclic 
six-membered ring with an oxygen and a nitrogen atom). Benzoxazine molecules are classified 
by the positioning of the heteroatoms on this main structure. For example, the IUPAC name of 
structure A and structure B in Figure 1.4 is 3,4-dihydro-2H-1,3-benzoxazine and 3-methyl-2H-
1,3-benzoxazine, respectively. In all cases, the numbers just before the word “benzoxazine” state 
the positions of the oxygen and nitrogen atom, in that order. In structure A, the word “dihydro” 
indicates the hydrogenated version of the molecule. Figure 1.4c depicts how the position of the 
proton on the oxazine ring is denoted in the name; 2H, 4H, and 6H correspond to protons on the 
second, forth, and sixth carbon, respectively. For the purposes of the research done in this work, 
the 1,3-benzoxazine molecule is the molecule of interest because of its ROP properties. To 




component and lowercase letters are used for the abbreviated amine component.2 For example, 
the bisphenol-A based benzoxazine monomer is a very popular monomer in the field, its name 
can be shortened to BA-a, where “BA” is for its bisphenol A component and “a” for its aniline 
component. The polymerized version of this molecule is simply denoted by poly(BA-a) or PBA-
a. 
 
Figure 1.5. Thermal ring opening polymerization (TROP) of a benzoxazine monomer yielding 
phenolic linkages with Mannich bridge structures. 
Benzoxazine undergoes ROP without the addition of strong catalysts, such as strong 
acids or strong bases. Both the oxygen and the nitrogen of the benzoxazine monomer act as 
Lewis bases and allow for the ring opening reaction to proceed via a cationic mechanism.14–16 
The addition of a Lewis acid can increase the rate of polymerization, but is not necessary. During 
the polymerization process an intermediate iminium ion is formed which can react with other 
protonated benzoxazine monomers to form a polymer with Mannich bridge structure (-CH2-NR-
CH2-) in the thermodynamic main chain product.17,18 As polymerization progresses, and more 
phenolic groups are formed, the polymerization continues via an autocatalytic process.19 
Unfortunately, benzoxazines and their composites often need to be heated to temperatures over 
























cumbersome/energetically costly/less favorable.18 
 
1.4 Benzoxazine in industry 
Flammability is one of the biggest problems associated with epoxy resins used in 
industry. To combat this problem, these resins use halogenated flame-retardants, such as 
brominated compounds, which release harmful dioxane derivatives into the environment when 
combusted.13,20 Benzoxazine, on the other hand, is an environmentally friendly, non-toxic 
material that does not produce any byproducts upon cure.8 Despite all of the favorable thermal 
and mechanical properties of benzoxazine resin, the biggest challenge that prevents the use of 
benzoxazine in industry is the long cure time (~5 hours) and high cure temperatures required ( > 
200 °C).21,22 Many studies have been conducted to investigate ways to decrease the temperature 
of polymerization of these materials.14,19,22,23 
 
1.5 Known benzoxazine cure accelerants  
It is well known that the temperature of polymerization, or cure temperature, of 
benzoxazine can be decreased with the addition of acidic catalysts such as carboxylic acids or 
phenols to the monomer.14,19,24,25 Other cure accelerants include p-toluenesulfonic acid26–28 and 
acetylacetone complexes with manganese or iron14,19,26,27,29 which allow for benzoxazine to cure 
at temperatures of 150 °C and 192-201°C, respectively. Differential scanning calorimetry (DSC) 
is the major technique for characterizing the cure temperature of polymers.23,30 The peak of the 
polymerization exotherm given by DSC is used to determine the temperature of polymerization 
and the area under the exotherm curve gives the enthalpy of polymerization. Both values are 





Andreu et al. studied the influence of the electronic character of substituents on the ROP 
of difunctional benzoxazine monomers.18 The formation of an acidic phenol species by electron 
withdrawing groups such as nitro, formyl, and chlorine on the para-position of the phenol leads 
to decreased cure temperature.14 Whereas increasing the electron withdrawing group located on 
the para-position of the phenyl substituent leads to an increased cure temperature for 
benzoxazine (see Figure 1.6).  
 
Figure 1.6. Influence of electronic character of substituents on ROP of difunctional 
benzoxazine monomers.18  
In the case of electron donating groups (hydroxyl, methoxy, methyl, and hydroxymethtyl) 
substituted on the benzoxazine, no effect on thermal polymerization was observed regardless of 
position with the exception of hydroxyl groups. It was found that the addition of a hydroxyl 
group at either position yields a decrease in polymerization temperature. With the addition of a 
hydroxyl substituent on the para-position of the phenyl, ROP can be seen to begin at 





















1.6 The sol-gel process 
Two scientists, Ebelman and Graham, were among the first to experiment with sol-gel 
processing of inorganic ceramic and glass materials in the mid-1800s.   It was observed that, 
under acidic conditions, the hydrolysis of tetraethyl orthosilicate (TEOS) yielded silicon dioxide 
(SiO2) in the form of a “glass-like” material. This material could be formed into powders, fibers, 
monolithic optical lenses, or composites.  Compared to that of the traditional glass melting or 
ceramic powder methods, the sol-gel process yields extremely high levels of chemical 
homogeneity and purity in colloidal gels.32,33 It is also economically favorable as it requires 
lower processing temperatures permitting other engineering techniques such as fiber pulling, net 
shape-casting, and film coating. From the sol-gel process came the production of the first 
aerogels of silica, alumina, zirconia, stannic and tungsten oxides.32 Stӧber et al. discovered that 
the morphology and size of silica powders can be controlled by using ammonia as a catalyst for 
the TEOS hydrolysis reaction.34,35 Ultimately, the size of silica particles is dependent on the 
initial concentration of water and ammonia, the type of silicon alkoxide and alcohol used, as well 
as the reaction temperature. Scheme 1.1 shows the process of synthesizing the sol-gel used in 
this work. Scheme 1.1a illustrates the hydrolysis of the liquid alkoxide precursor, (3-
glycidoxypropyl) trimethoxysilane (GPTMS), with water which produces hydrated silica and 
methanol. Competing with hydrolysis is the condensation reaction of the hydrated silica and the 











Linkage of additional Si-OH occurs as a polycondensation reaction and eventually results in a 
























Figure 1.7. Polycondensation products (a) all epoxide rings closed, (b) intermediate species, (c) 
all epoxide rings open. 
As polycondensation continues, the network can build off the -Si-OH bonds as well as the 
OH diol. When enough interconnected -Si-O-Si- bonds are formed, they respond cooperatively 
as colloidal particles or sol. The resulting reactivity of the sol could be as follows: 1) fully 
reacted silanol ether bonds, 2) partially reacted silanols with other silanols, 3) partially reacted 






Figure 1.8. Reactivity of sol-gel network. (1) fully reacted silanol ether bonds, (2) partially 
reacted silanols with other silanols, (3) partially reacted silanol with diol and other silanols, (4) 
unreacted diol, or (5) closed epoxide ring. 
 
Following polycondensation, the colloidal particles link together to become a three-
dimensional network through a process called gelation.31,35 At this point in the process fibers can 
be pulled or spun due to the increasing viscosity of the sol. Water expelled from the reaction 




adsorbed water is eliminated through a process known as hypercritical evaporation which occurs 
at temperatures between 100 and 180 °C. If heated to temperatures higher than this 
dihydroxylation, or the removal of the silanol groups will occur.31,36  
1.7 Chemical reactions at silica surfaces 
Chemical modification of the surface of silica has received a lot of interest as the process 
allows researchers to control and modify adsorption properties and technological characteristics 
of composite materials. The use of SiO2 is growing in the manufacturing of modern materials 
such as microelectronics, fiber optics, liquid crystals, and composites. Silicas can be regarded as 
polymers of silicic acid, consisting of interlinked SiO4 tetrahedra.35 The surface structure of 
silica can either be a siloxane group (-Si-O-Si-) with the oxygen on the surface or one of several 
forms of silanol groups (-Si-OH). Figure 1.9 shows the three different types of silanols; geminal 
silanols, free silanols (isolated), and bridged silanols (vicinal). Geminal silanols consist of two 
hydroxyl groups that are attached to one surface silicon atom. Free silanols have one bond from 
the surface silicon atom attached to a single hydroxyl group and the other three bonds into the 
bulk structure. Lastly, bridged silanols include two single silanol groups, attached to different 
silicon atoms, are close enough to hydrogen bond.35,36  
 
 




Silylation, or functionalization of a silica surface, can be accomplished at these silanol 
groups with the addition of a functional group, which may act as an anchor for other surface 
treatments such as polymers. Silanol functional groups include chlorosilanes, alkoxysilanes, 
organosilanes, and aminosilanes.37   
The physicochemical properties of silica or silica nanoparticles is dependent on the 
density of reactive hydroxyl groups at the surface. The magnitude of the silanol number, i.e. the 
number of hydroxyl groups per unit surface area when the surface is hydroxylated to the 
maximum degree, is considered to be a physico-chemical constant, called the Kiselev-Zhuravlev 
constant.36 It has been established in literature that adsorption and other surface properties per 
unit surface area of silica are identical. Application of this model is useful for solving various 
applied and theoretical problems in regards to adsorption, catalysis, chromatography, and 
chemical modification. Morrow et al. investigated the reactivity of silanol groups that had been 
modified after reaction with a variety of reactive hydrogen sequestering agents with differing 
steric dimensions. It was found that the number of inaccessible and hydrogen bonded silanols 
that do not react increases as the apparent size of the reactant molecule increases. It was also 
observed in every case that a number of silanol sites remained unreacted. This number of 
unreacted silanols tends to increase as the size of the hydrogen sequestering reactant increases.38  
The surfaces of bulk silica surfaces can also be functionalized. For example, pieces of 
glass can be functionalized by a liquid phase adsorption procedure called Self-Assembled 
Monolayer (SAM). Highly ordered films of polar molecules are transferred onto flat surfaces via 
the extension of Langmuir-Blodgett film technology, where Langmuir-Blodgett monolayer films 
are deposited onto solid supports, from the water-gas interface, by dipping or immersion of the 





1.8 Naming Alkoxysilanes  
Alkoxysilanes are silicon compounds that contain an oxygen bridge from silicon to an 
organic group, i.e., (-Si-O-R’). The silicon center could have one to four alkoxy groups. 
Alkoxysilane structures follow the general formula, RxSi(OR’)4-x (x = 1-3). In naming 
alkoxysilanes the organofunctional groups are given first, then the organic groups, and finally the 
silicon functional (alkoxy) group. Within these three groups, the substituents are arranged in 
alphabetical order.40 The organic functional group classifies the alkoxysilane. In Figure 1.10 two 
common alkoxysilanes are shown a) (3-aminopropyl)trimethoxysilane where R = 3-aminopropyl 
and R’ = methoxy and b) (3-glycidyloxypropyl)trimethoxysilane where R = 3-glycidyloxypropyl 





Figure 1.10. Nomenclature of modified alkoxides. (a) APTMS, (b) GPTMS, (c) SiOx-
DHPOP, and (d) SiOx-DMPOP. 
Following the nomenclature presented in Pinna et. al., we have named the two silanes 
used in this work 3-(2,3-dihydroxypropoxy)propyl-functionalized substrate where R = 3-(2,3-
dihydroxypropoxy)propyl and 3-(2,3-dimesylatepropoxy)propyl-functionalized substrate where 
R = 3-(2,3-dimesylatepropoxy)propyl.41 For simplification, in Figure 1.10 c and d, 
methoxysilane is used as the alkoxy groups and feature dashed lines to imply variability in the 
functionalized substrate. To shorten these names SiOx- is used to denote functionalized silica 
































aluminum coated glass. The organic functionalization of interest include hydroxyl groups and 
mesylate groups resulting in SiOx-DHPOP and SiOx-DMPOP, respectively 
1.9 Scope of the project 
The following represents the main objectives in this work:  
1. Synthesize silica particles from a sol-gel. 
2. Make benzoxazine blends with silica particles. 
3. Increase homogeneity between benzoxazine monomer and silica particles by end group 
functionalization.  
4. Reduce the curing temperature of polybenzoxaxine by grafting the monomer to 
functionalized silica particles. 
5. Investigate thermal stability of functionalized silica particle/benzoxazine blends. 










Figure 1.11.  Overall project goal: functionalize silica particles and other glass substrates with 
hydroxyl groups then convert them to mesylate groups in order to graft with 
polybenzoxazines. In the lower panel, the substrate represents surfaces such as fiberglass and 




Chapter 2: Silica Particles 
2.1 Introduction 
Phenolics and epoxy resins currently dominate the aerospace industry when it comes to 
the matrix material used to manufacture structural components of an aircraft, such as the panels 
you find in the interior cabin.18 These materials are currently used because of their versatility and 
low cost. Other advantages include low flammability,42 low smoke generation, low toxicity and 
good electrical properties. However, when cured, phenolic resins release water as a byproduct, 
leaving behind voids in the structure which can be sources of failure points. Catalysts, such as 
strong acids and bases, are also required for the cure of phenolic resins.  
The focus of this work aims to replace traditional resins used in the aerospace industry 
with benzoxazine. Poly-benzoxazine is a non-toxic, environmentally friendly resin that does not 
produce byproducts upon cure.7 In general, polybenzoxazines have high mechanical43 and 
thermal44 properties and are synthesized by the ring opening polymerization (ROP) of 
benzoxazines without the need of strong catalysts.14,19 Unfortunately, to apply this class of 
polymers to fiber-reinforced plastics, high cure temperatures, and long cure times (i.e. >200 °C, 
5 hours) are required to complete the ROP.21,22 In this work we attempt to utilize the cure 
accelerating properties of mesylated silica as the dispersed phase in particle-based benzoxazine 
composites as a model for fiber-reinforced benzoxazine composites. Once the properties of the 
silica particles are understood we aim to apply the methods to other substrates such as fiberglass 





Figure 2.1. Chapter 2 Goal: functionalize silica particles with hydroxyl groups then convert 
them to mesylate groups in order to graft with polybenzoxazines. 
2.2 Experimental 
 
2.2.1 Materials. The bisphenol-A benzoxazine (BA-a) monomer was used as received from 
Huntsman. The cresol-based benzoxazine monomer was synthesized using m-cresol (99%), m-
toluidine (99%), and paraformaldehyde (96%) received from Sigma Aldrich, Sigma Aldrich, and 
Acros, respectively. The SiliaBond Diol (R35030B; 40-63 μm, formula of silica: SiO2, formula 
of organic alcohol group: C6H12O3) was received from SiliCycle. The 
hexadecyltrimethylammonium bromide (≥99%) (CTAB) was received from Sigma. The (3-
glycidyloxypropyl)trimethoxysilane (GPTMS) was purchased from Gelest. The methanesulfonyl 
chloride (99.5% purity) was purchased from Acros Organics. 4-dimethylaminopyridine (DMAP; 
99.0%) was purchased from TCI America. Chloroform was received from J.T. Baker. Methylene 
chloride (99.9% purity), tetrahydrofuran (99.6 % purity), methanol (99.8% purity) and acetone 
(99.5% purity) were purchased from Fisher Chemical. Chloroform-d3 (>99% purity) was 





2.2.2 Methods. A Nicolet iS10 FTIR spectrometer with an attenuated total reflectance (ATR) 
accessory was used for FTIR studies (64 scans at 4 cm-1 resolution per spectra). A Bruker 
AVANCE-III, HD 500 MHz NMR spectrometer was used to collect 1H-NMR spectra.  
 
2.2.3 Synthesis of 3-(2,3-dihydroxypropoxy)propyl-functionalized silica particles (SiOx-
DHPOP) from a sol-gel. To a 10 mL shell vial CTAB (0.072 g) and methanol (0.8 mL) were 
combined. To the same vial containing the 0.8 mL CTAB solution- nanopure water (4.0 mL), 
methanol (4.0 mL), and 0.10 M sodium hydroxide (1.00 mL) were pipetted. To the vial (3-
glycidyloxypropyl)trimethoxysilane (GPTMS) (4.0 mL) was added. The contents of the vail was 
stirred for 10 min. After 10 min, the stir bar was removed, and the solution was transferred to 
two falcon tubes without caps. The tubes were heated at 80°C until gelation occurred. The sol-
gel was heated under vacuum to 120°C for 3 days to dry. The dried sol-gel was crushed with a 
mortar and pestle until a fine powder remained.  
 
2.2.4 Mesylation of 3-(2,3-dimesylatepropoxy)propyl-functionalized silica particles (SiOx-
DMPOP). The following procedure is based on a modified literature procedure.45 To a 50 mL 
round bottom flask with a gas inlet, SiOx-DHPOP (1.00 g, 0.970 mmol) and 
dimethylaminopyradine (DMAP) (3.55 g, 29.1 mmol) were added, stirred in dry methylene 
chloride (10 mL), and purged with nitrogen gas for 10 min. To the reaction flask 
methanesulfonyl chloride (3.67 g, 2.48 mL, 32.0 mmol) was added dropwise under inert gas. The 
reaction was stirred for 96 h under inter gas at room temperature. Dry methylene chloride (10 
mL) was added to the reaction flask before it was washed. The silica product, termed SiOx-




contaminant, the silica product was washed further by Soxhlet extraction with dry acetone for 24 
hours. Smaller portions (~0.250 g) of this washed product was washed for another 24 hours by 
Soxhlet extraction. The resulting powder, SiOx-DMPOP, was dried under vacuum for 12 hours 
and stored in a desiccator. Purity of the powder was confirmed by 1H-NMR. (See Figure A4 in 
appendix A). 
 
2.2.5 Surface Analysis of SiOx-DHPOP and SiOx-DMPOP. A Surface Physics M-Probe ESCA 
X-ray photoelectron spectrometer (XPS) was used to collect elemental analysis of the surface of 
the SiOx-DHPOP and SiOx-DMPOP powdered samples. The instrument utilizes a 
monochromatic aluminum X-ray source and 145mm OD, 88mm ID hemispherical analyzer with 
microchannel plate detectors. The power at the anode for this study was set to 200 watts at a 
take-off angle of 55°, resulting in a probe depth of 3-10 nm. High-resolution analysis was 
performed on the oxygen 1s (O 1s), carbon 1s (C 1s), and sulfur 2p (S 2p). The spectra were fit 
using 100% Gaussian components and a Shirley background subtraction. All binding energies 
were corrected to the C 1s peak for the background hydrocarbon component (C–C/C–Hx) at 
284.9 eV.46  
 
2.2.6 Synthesis of Cresol Benzoxazine (CrT) Modified Procedure.47 To a 250 mL beaker, m-
cresol (22.59 g, 23.27 mL, 0.2089 mol), m-toluidine (22.38 g, 22.36 mL, 0.2089 mol), and 
paraformaldehyde (36.64 g, 0.4179 mol) were combined at a mole ratio of 1:1:2, respectively, 
and mixed at room temperature until homogenous. The beaker was then immersed in an oil bath 
heated to 130 °C and mixed with overhead stirring for 3 hours. The resulting cream-colored 




species (3,4-dihydro-7-methyl-3-(3-methylphenyl)-2H-1,3-Benzoxazine) 80%, minor species 
(3,4-dihydro-8-methyl-3-(3-methylphenyl)-2H-1,3-Benzoxazine) 20% , verified by the 
integration of the smaller peaks near 5.34 ppm (-O-CH2-N), 4.59 ppm (-CH2-N-Ar-) by 1H 
NMR, (90% pure, yield, aromatic protons 6.6-7.3 ppm, 5.34 ppm (-O-CH2-N), 4.59 ppm (-CH2-
N-Ar-), CH3 protons at 2.31 ppm and 2.27 ppm (see Figure A2 in the Appendix). If the steps 
outlined about do not meet desired purity, further purification can be done. To do this dissolve 
the resulting cream-colored liquid in ethyl ether and wash in a separatory funnel with 1M NaOH 
until the aqueous layer is colorless. The solution can then be rinsed with deionized water to 
remove any residual NaOH. Magnesium sulfate is added, and the solution is dried overnight. The 
ether can be removed by rotary evaporation and the product is further dried in a vacuum oven at 
room temperature for 2 hours to remove any residual solvent. The final product is an oily brown 
liquid at room temperature.  
 
2.2.7 Preparation of Blends of Silica Particles and Benzoxazine. The general procedure for 
the preparation blend mixtures of SiOx-DMPOP with either BA-a or CrT is as follows: to a 20 
mL scintillation vial the desired mass of SiOx-DMPOP and monomer were added to a combined 
mass of 0.1 g and dissolved in dichloromethane (1-2 mL). Each sample was concentrated in 
vacuo while rotated at a fast speed to ensure dispersion of the particles in the monomer followed 
by further drying in a vacuum oven for 12 hours. Isolated blend mixtures were homogeneous in 
appearance. 
 
2.2.8 Thermal Analysis. DSC based cure studies were performed on all samples with a TA 




silica blends were scanned. All DSC scans started with a 5 min isotherm at 30 °C then ramped to 
300 °C, then to 30 °C and back to 300 °C at 5 °C/min with a modulated temperature of ± 0.53 °C 
every 40 s. The peak temperature of the exothermic cure was estimated by integration of the 
exothermic peak using a tangential sigmoidal baseline. The peak onset temperature of the 
exothermic cure was estimated by plotting the first and second derivatives of heat flow with 
respect to temperature of each of the DSC traces. To do this the temperature at the point of 
inflection was found by intersecting the tangent at the inflection point with the tangents at the 
plateaus before and after the inflection point of the positive peak on the first derivative plot. This 
temperature was verified by the temperature of the first maximum on the second derivative plot, 
confirming the method. A TA Instruments Q500 thermogravimetric analysis (TGA) instrument 
was used for char yield experiments. Each scan began with a 15 min isotherm at 100 °C followed 
by a 10 °C/min ramp to 900 °C.  
 
2.3 Results and discussion  
2.3.1 Preparation and Characterization of SiOx-DMPOP Particles. The two silica-based 
materials used as blend components with PBA differ only by their end-group. The transformation 
of the hydroxyl groups into mesylate groups is outlined in Scheme 2.1. The synthetic 
transformation is conducted in a methylene chloride solvent using methanesulfonyl chloride and 









The purity of the mesylated silica was confirmed by 1H-NMR (see Figure A4 in 
Appendix A). The SiOx-DMPOP itself does not produce 1H-NMR signals, therefore the purity of 
the SiOx-DMPOP is determined by the lack of signals corresponding to the starting material 
DMAP. Any residual DMAP has been successfully removed by the purification method as seen 
by the absence of the doublet of doublets at 8.23 ppm and 6.49 ppm for the aromatic hydrogens 
as well as the lack of the singlet at 3.00 ppm for the mesyl groups. The extent of mesylation was 
confirmed by TGA and XPS. Figure 2.2 shows multiple TGA scans from 100-800 °C comparing 
the char yield of the SiOx-DHPOP to the SiOx-DMPOP.  
 



















































The SiOx-DHPOP in Figure 2.2a only underwent one mass loss around 300 °C. This is 
likely due to dissociation of the DHPOP bound to the silica48 and has a char yield of 36% at 800 
°C.  The two scans featured in Figure 2.2b are two separate runs from the same batch of SiOx-
DMPOP. The differences in the scans could be a result of variation of the extent of mesylation of 
the two samples. The SiOx-DMPOP in Figure 2.2b underwent multiple mass losses around 210 
°C, 300 °C, 380 °C, and 600 °C. The mass loss 210°C is likely due to evaporation of adsorbed 
water trapped in the pores of the silica partices.48,49 The mass loss at 300 °C is due to the 
elimination of the mesylated groups from DMPOP and the mass loss at 380 °C may be attributed 
to the dissociation of the DMPOP from the silica.48 The mass loss around 600 °C is relatively 
small and are mainly due to bound moisture from the organic group48 or be due to carbon char 
loss. The resulting char yields at 800 °C of the two SiOx-DMPOP scans are 21% and 29%. In 
Figure 2.2c, the SiOx-DMPOP that was heated to 150 °C prior to being analyzed by TGA 
underwent just two mass losses around 310 °C and 400 °C. Because it heated prior to being 
analyzed, the mass loss corresponding to the evaporation of adsorbed water seen at 210 °C in 
Figure 2.2b is no longer present. The mass loss at 310 °C, therefore, corresponds with the 
formation of bonds by elimination of the mesylate groups48 and the mass loss at 400 °C is likely 
(a) (b) (c) 
Figure 2.2. TGA scans from 100-800 °C of (a) SiOx-DHPOP, (b) SiOx-DMPOP, and (c) SiOx-
DMPOP pre-heated to 150 °C. 
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from the dissociation of the DMPOP from the silica.48 The resulting char yield of the pre-heated 
SiOx-DMPOP is 32%, which is higher than the char yields for the SiOx-DMPOP that were not 
heated prior to being analyzed. All the reported char yields fit within the degree of mesylation 
model we built to consider the mass of the functional groups on the silica particle. For example, 
if there are two mesylate groups attached to the alkoxysilane the mass of the organic group will 
be greater than if it had just one or is it had none, therefore it has more mass to lose upon heating 
to very high temperatures, resulting in a lower char yield. This model predicts the SiOx-DHPOP 
to have a char yield of 36%, which directly correlates with the experimental char yield as seen in 
Figure 2.2a. The degree of mesylation can be a combination of any of the following scenarios, 1) 
max-mesylation, where both of the hydroxyl end groups have been converted to mesylate 
groups, 2) half-mesylation, where only one of the two hydroxyl end groups have been converted 
to mesylate groups, and 3) zero-mesylation, where neither of the two the two hydroxyl end 
groups have been converted to mesylate groups. The model predicts the char yields for these 
scenarios to be 18-32% (see Table AX in Appendix A). Experimentally, all of the scans for the 
SiOx-DMPOP (pre-heated included) fall within the predicted range of 18-32%. The variation in 
the scans suggests that the extent of mesylation of the silica ranges from half- to zero-mesylation. 
However, the average char yield for the three scans of the SiOx-DMPOP that were not pre-heated 
to 150 °C is 24 ± 7.8 °C corresponding to an estimated degree of mesylation of ~57%.  Future 
work to further investigate the extent of mesylation and the various mass loss events include 
ICP-MS, TGA-FTIR and TGA-MS studies as well as surface area experiments by BET. 
 
XPS characterization was used to compare the chemical state of the SiOx-DHPOP to 




carbon 1s (C 1s), and sulfur 2p (S 2p) regions of both SiOx-DHPOP (top) and SiOx-DMPOP 
(bottom) (see Figures 2.3b-d). We found the ratio of the O 1s 531.0 eV (component C in Figure 
2.3b) to the S 2p 167.3 eV (component B in Figure 2.3d) to be 3.1:1. Prior to the high-resolution 
analysis, a survey scan was taken for both SiOx-DHPOP (top) and SiOx-DMPOP (bottom), see 
Figure 2.3a. Aside from the elements that were analyzed in high-resolution, the survey scan for 
SiOx-DHPOP includes a small nitrogen 1s (N 1s) peak at 402.2 eV and small bromine 3p and 3d 
peaks at 180.2 eV and 67.7 eV, respectively. The presence of the nitrogen is likely contamination 
from atmospheric N2 and the presence of bromine may be contamination from leftover CTAB 
that got carried through the synthesis of the SiOx-DHPOP. At lower binding energies, silicon 2s 
(Si 2s) and 2p (Si 2p) peaks from the SiOx are seen at 154.1 eV and 101.9 eV, respectively. In the 
survey scan for SiOx-DMPOP we again see the peaks for Si 2s (153.9 eV) and Si 2p (101.7 eV), 
as well as the N 1s peak at 400.4 eV. The area of the N 1s peak is larger in the SiOx-DMPOP 
spectra than in that of SiOx-DHPOP spectra. The extra area in this case is likely due to the 
nitrogen from the ~5% DMAP contamination remaining in the SiOx-DMPOP after purification. 
This survey gained a fluorine 1s (F 1s) peak at 688.4 eV. The appearance of this peak is 
explained by contamination from the Krytox ® grease, made from perfluoropolyether (PFPE-) 
based oil and polytetrafluoroethylene (PTFE) powder, which was used on the Soxhlet apparatus 





(a)  (b)  
(c)  (d)  
Figure 2.3. XPS Spectra of Silica Particles (a) Survey, (b) Oxygen 1s, (c) Carbon 1s, (d) 
Sulfur 2p. 
 
In the high-resolution studies the area under the curve, calculated by the sum of each fit 


























































































































sensitivity factor (RSF) value. Table 2.1 reports these values, along with the electron binding 
energies corresponding to the fit components of each high-resolution scan (O 1s, C 1s, and S 2p).   
 
Table 2.1. Electron Binding Energies and Peak Areas of Fit Components (i.e. A, B, C) for 
Functionalized Silica Particles  
 Oxygen 1s Carbon 1s Sulfur 2p 
Sample Total Corr. 
Area 









 A B C A B A B 
SiOx-
DHPOP 781.9 532.8 532.3 -- 3248.5 285.8 284.9 -- -- -- 
SiOx-
DMPOP 1602.4 534.8 532.3 531.0 4943.8 286.2 284.9 443.0 168.4 167.3 
 
 
Figure 2.3 and Table 2.1 highlight the similarities and differences in the O 1s, C 1s, and S 
2p signals after mesylation of the SiOx-DHPOP.  Looking specifically at the SiOx-DMPOP 
spectra (bottom), the appearance of component C, at 531.0 eV, in the Figure 2.3b and component 
B, at 167.3 eV, in Figure 2.3d correspond to the O 1s and S 2p of the S=O in the mesylate group, 
respectively.50 The lack of these peaks in the SiOx-DMPOP spectra (top) is evidence suggesting 
the successful addition of mesylate groups to the silica powder. 
 
2.3.2 Characterization of Silica Particles by FTIR. There are three main modes for the Si-O-Si 
groups between 400-1300 cm-1 including the asymmetric Si-O-Si stretching, Si-O-Si bending, 
and Si-O-Si rocking.33 Figure 2.4 shows the IR spectra of the SiOx-DHPOP and SiOx-DMPOP at 
room temperature and after they had be isothermally heated for four hours at 150 °C, 250 °C, and 
300 °C.  
Curve (i) in both Figure 2.4a and b represents the respective silica-based samples at room 
temperature. A broad O-H peak at 3392 cm-1, two small sp3 C-H peaks at 2919 cm-1 and 2865 




(TO2) stretch at 1090 cm-1, and a Si-O-NBO (non-binding oxygen) stretch at 1015 cm-1 are 
featured in the SiOx-DHPOP spectrum. On the other hand, in the SiOx-DMPOP spectrum, the 
broad O-H peak is replaced with a sharp O-H stretch at 3369 cm-1. This peak paired with the 
presence of the O-H scissoring of the H-bonded molecular H2O at 1634 cm-1 suggests the 
presence of adsorbed H2O and is one major difference between the two materials.33 Also featured 
in the SiOx-DMPOP spectrum is a combination of sp3 and sp2 C-H stretches found at high 
wavenumbers between 3065-2896 cm-1, a S=O stretch at 1363 cm-1 due to the mesylate end 
groups, and a C-O ether stretch between 1300-1000 cm-1.   
(a)    (b)    
Figure 2.4.  FTIR study of (a) SiOx-DHPOP and (b) SiOx-DMPOP heated to (ii) 150 °C, (iii) 250 




As we move down the stack plot, we observe little to no change in the SiOx-DHPOP 
spectra after being heated up to 300 °C (Figure 2.4a). However, after the SiOx-DMPOP had been 
heated to 150 °C for four hours, the peaks at 3369 cm-1 and 1634 cm-1 corresponding to the 
adsorbed water are eliminated. New peaks at 1645 cm-1 and 1561 cm-1 are present and 
correspond to the formation of a conjugated alkene. As the SiOx-DMPOP is heated to higher 
temperatures a broad peak resembling O-H grows in and the fingerprint region begins to 
resemble that of the SiOx-DHPOP. Meanwhile, the two peaks corresponding to the alkene persist 
informing us of a chemical transformation of the SiOx-DMPOP. We hypothesize that an 
elimination reaction is responsible for this transformation and is addressed in the next section. 
 
2.3.3 Mechanistic aspects for elimination reaction. Based on the results of the FTIR heat 
study, we propose two possible elimination mechanisms resulting in the formation of an alkene. 
The first mechanism in Figure 2.5 proposes that a base abstracts the alpha proton to the primary 
mesylate group, which relieves the primary mesylate group, and forms a terminal alkene. The 
proton alpha to the primary mesylate group is more acidic and will be abstracted more readily 
than the alpha proton to the ether, making this mechanism kinetically more favorable.  
The mechanism proposed in Figure 2.5b illustrates a base abstracting the proton alpha to 
the ether, forming an internal alkene, and eliminating the secondary mesylate group. The product 
of this reaction forms a 1,2- disubstituted alkene and can form a resonance structure, making this 
product more stable than the 1,1- disubstituted alkene formed in the first mechanism. Although 
the first mechanism is kinetically more favorable, with sufficient temperature, the second 




thermodynamically stable product suggesting that this mechanism is the more probable 
mechanism for the formation of the alkene seen in Figure 2.4b.  
 
Figure 2.5. Possible mechanisms of SiOx-DMPOP self reaction; (a) elimination of 1° mesylate 
group, (b) elimination of 2° mesylate group. 
 
2.3.3 Mechanistic aspects for the cure of SiOx-DMPOP:BA-a blends. There are multiple 
proposed mechanisms for the thermal cure of benzoxazine rings. Benzoxazine is known to cure 
at elevated temperatures (> 200 °C) via cationic ROP.15,19 Scheme 2.2. shows the nucleophilic 
attack by the oxygen atom from the oxaxine ring of the BA-a monomer at the mesylate end-
group of SiOx-DMPOP resulting in the formation an oxonium cationic species. This pathway 
shows the formation of a free-mesylate that is associated with the generation of possible cationic 
ROP initiators. Extension of the mechanism for mesylated materials would therefore suggest that 
the thermally induced dissociation of the organo-mesylate into mesylate ion (-OMs) and 





























Brown et. al. proposes the extension of the polymerization in a chain growth process where the 
polymerization continues as a free BA-a monomer attacks the cation on the oxionium species 
and the cationic charge is transferred to the attacking BA-a. This transfer of protons leads to the 
Mannich bridged structure seen in the top right of Scheme 2.3. The process continues with a new 





























Scheme 2.3. Proposed mechanism for the generation of mesylate (-OMs) catalyst, subsequent 





















































































2.3.4 Thermal Behavior of Blends of Silica Particles with BA-a. The cure of solvent free 
blends of BA-a with either SiOx-DHPOP or SiOx-DMPOP were studied by DSC. A heat-cool-
heat program was selected to characterize the thermal transitions of the BA-a in the blends prior 
to the literature thermal ROP of the pure resins. The blends were prepared by combining the 
appropriate mass of each blend component in a vial and dissolving the BA-a in chloroform, 
followed by the rapid evaporation of the solvent by rotary evaporation to ensure the even 
distribution of the silica particles in the BA-a. Shown in Figure 2.6a are the DSC traces for the 
first heating curve for SiOx-DHPOP /BA-a blends (the wt/wt ratios of SiOx-DHPOP to BA-a 
were 70:30, 50:50, 30:70, 10:90) and the pure SiOx-DHPOP and BA-a. Figure 2.6b are the DSC 
traces for the first heating curve for SiOx-DMPOP /BA-a blends (70:30, 50:50, 30:70, 10:90) and 
the pure SiOx-DMPOP and BA-a. The topmost traces in Figure 2.6a and 2.6b are the pure SiOx-
DHPOP and SiOx-DMPOP, respectively. Virtually no heat flow was observed in the pure SiOx-
DHPOP suggesting no physical or chemical change upon heating in that temperature range 
which is consistent with the results seen in Figure 2.4a. The pure SiOx-DMPOP trace reveals an 
exotherm at 100 °C likely due to the elimination of adsorbed water as seen in the FTIR heat 
study shown in Figure 2.4bii. The bottom most curves in Figure 2.6a and 2.6b show the DSC 
trace of pure BA-a, which depicts an exotherm for the ROP with a peak onset of 223°C, a peak 





(a)  (b) 
 
(c)  (d)  (e)  
Figure 2.6. DSC heat curves from the first scan of blends of BA-a with (a) SiOx-DHPOP and 
(b) SiOx-DMPOP. (c) The onset of cure and (d) the peak cure temperature of the blends with 
SiOx-DHPOP (■) and SiOx-DMPOP (●) with linear fits in the dotted and solid lines, 
respectively. (e) The percent cure was determined by enthalpy of the exotherm from the scans 
in (a) and (b).  In (c-e) the data corresponding to BA-a (0 wt % Si content) is represented by the 
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 In the SiOx-DHPOP:BA-a system, as the silica component of the blends increases up the 
stack plot in Figure 2.6a, the resulting exotherm peak value shifts to slightly lower temperatures 
ranging from 211°C to 224°C. The exotherm onset values also shift to slightly lower 
temperatures in the range of 193-216 °C. The trend of the decreasing temperature of the peak 
onset and peak value with blend composition is outlined in Figure 2.6c and 2.6d, respectively. 
Although there is somewhat of a cure acceleration of the BA-a with the incorporation of SiOx-
DHPOP, it is more modest than that of the SiOx-DMPOP. In Figure 2.6b, as the silica content in 
the blends increases up the stack plot in Figure 2.6b, the resulting exotherm peak values shift to 
much lower temperatures ranging from 102 °C to 109 °C. The exotherm onset values shift to 
lower temperatures as well (to 98-104 °C). Referring to Figure 2.4bii and Figure 2.5c, we 
established that at some temperature between room temperature and 150 °C the SiOx-DMPOP 
undergoes an elimination reaction of the secondary mesylate group which yields the thermally 
latent molecule, HOMs, as a side product. The drastic decrease in cure temperature of the BA-a 
suggests that the mechanistic steps for the ROP, including the presence of the HOMs initiator, 
benefit from the interaction of the mesylate groups on the silica.  
The enthalpy corresponding to the pure SiOx-DMPOP is considered when quantifying the 
cure exotherm’s enthalpy for each of the blends. The enthalpy of pure SiOx-DMPOP was 
normalized for each of the blends depending on the SiOx-DMPOP weight percent in the blend. 
That normalized enthalpy value was then subtracted from the overall enthalpy of the exotherm 
for the respective blend. This new value offers the enthalpy resulting only from the cure of the 





Figure 2.7. Visual representation for the calculation of the enthalpy of polymerization of 
benzoxazine by accounting for the weight-fraction normalized enthalpy of the elimination 
reaction of the SiOx-DMPOP. 
Finally, the percent cure of each of the blends are quantified by taking the enthalpy of 
just the cure of the BA-a in the blend and dividing it by the enthalpy from the pure BA-a sample 
then multiplying by one hundred percent. Figure 2.6e shows the percent cure of the SiOx-
DHPOP:BA-a blends and the SiOx-DMPOP:BA-a blends compared to that of pure BA-a 
represented by an empty, upside-down triangle ( ). The 30:70 blend resulted in the highest 
percent cure in both the SiOx-DHPOP:BA-a blends and the SiOx-DMPOP:BA-a blends. The 
missing degree of cure could be attributed to the size of the particles, i.e. the larger SiOx-DMPOP 
particles could get in the way of the benzoxazine crosslinking to itself. This would explain why 





The significance of the elimination reaction of the SiOx-DMPOP in the resulting cure 
acceleration of the BA-a was studied by pre-heating the SiOx-DMPOP to 150 °C in a vacuum 
oven before making the SiOx-DMPOP:BA-a blends. Upon the addition of the pre-heated SiOx-
DMPOP a slight decrease in cure temperature can be seen in Figure 2.8. However, this 
temperature is hardly affected by increasing the pre-heated SiOx-DMPOP component of the 
blend. The peak cure temperature of the blends ranges between 209 °C to 222 °C, which is only 
slightly less than that of the pure BA-a which cures at 230 °C.  Furthermore, none of the blends 
in this study compare to the cure acceleration resulting from the blends made with the SiOx-
DMPOP that was not pre-heated before made into a blend with the BA-a (Figure 2.6). The result 
of this study speaks to the importance of the elimination reaction of the SiOx-DMPOP in the 
acceleration of BA-a polymerization (cure). In other words, if the elimination reaction of the 
SiOx-DMPOP occurs prior to being incorporated into a blend (i.e. via a heat it prematurely to > 
~150 °C), the cure accelerating properties of the SiOx-DMPOP are insignificant. To further 
verify that the mesylate may be acting as a catalyst, future work for this study could include 
investigating the cure of the benzoxazine after some amount of a mesylate salt has been 
artificially added to the sample.  In related work we have found that the pyridinium salt of 
trifluoromethylsulfonate was a very affective cure accelerant for benzoxazine polymerization. It 






Figure 2.8. DSC heat curves from the first scan of blends of BA-a with SiOx-DMPOP 
preheated to 150 °C. 
 The stability of the blends over time was investigated by re-running the SiOx-
DHPOP:BA-a and SiOx-DMPOP:BA-a samples from Figure 2.6 after they had been sitting in a 
drawer at room temperature for three weeks and four weeks, respectively. The DSC results in 
Figure 2.9 reveal that the blends are stable and produce virtually the same results as fresh blends. 
In the SiOx-DHPOP:BA-a system (Figure 2.9a), as the silica component of the blends increases, 
the resulting exotherm peak value shifts to slightly lower temperatures ranging from 212°C to 
222°C. This range is 3 °C tighter than the original range presented in Figure 2.6a. The exotherm 
onset values also shift to lower temperatures in the range of 202-217 °C. This range begins 9 °C 
higher than the original study. In Figure 2.9b, as the silica content in the blends increases 
(excluding the 10:90 blend), the resulting exotherm peak values still shift to much lower 




in this study is the 10:90 blend, which shows its exotherm peak at 209 °C. This higher 
temperature is likely due to a lack of homogeneity in the portion of the sample that was taken 
from the vial resulting in more BA-a and less SiOx-DMPOP. 
 
(a)  (b)  
 
Figure 2.9. DSC heat curves from the first scan of blends of BA-a with (a) 3 week old SiOx-
DHPOP and (b) 4 week old SiOx-DMPOP. 
2.3.5 Thermal behavior of blends of silica particles with CrT. Analogous thermal behavior 
experiments were studied with a the CrT isomeric monomer mixture in place of the BA-a. 
Similarly, the topmost traces in Figure 2.10a and 2.10b are the pure SiOx-DHPOP and SiOx-
DMPOP, respectively. Once again, virtually no thermal behavior was observed in the pure SiOx-




reveals the same exotherm at 100 °C as the SiOx-DMPOP in SiOx-DMPOP:BA-a study, which 
has been determined to be due to the elimination of adsorbed water as seen in the FTIR heat 
study shown in Figure 2.5b. The bottom most curves in Figure 2.10a and 2.10b show the DSC 
trace of pure CrT, which depicts an exotherm for the ROP with a peak onset of 224°C, a peak 



































































































(c)  (d)  (e)  
Figure 2.10. DSC heat curves from the first scan of blends of CrT with (a) SiOx-DHPOP and 
(b) SiOx-DMPOP. (c) The onset of cure and (d) the peak cure temperature of the blends with 
SiOx-DHPOP (■) and SiOx-DMPOP (●) with linear fits in the dotted and solid lines, 
respectively. (e) The percent cure was determined by enthalpy of the exotherm from the scans 
in (a) and (b).  In (c-e) the data corresponding to CrT (0 wt % Si content) is represented by the 
empty, upside down triangle ( ). 
In the SiOx-DHPOP:CrT system (Figure 2.10a), as the silica component of the blends 
increases, the resulting exotherm peak value shifts to slightly lower temperatures ranging from 
186°C to 215°C. The exotherm onset values also shift to slightly lower temperatures in the range 
of 168-204 °C. The trend of the decreasing temperature of the peak onset and peak value is 
outlined in Figure 2.10c and 2.10d, respectively. In this system, the incorporation of SiOx-
DHPOP in the CrT lowers the cure temperature more than it does in the BA-a system, however, 
the cure temperature of the CrT was still lowered more by the incorporation of SiOx-DMPOP 
than by the SiOx-DHPOP, which is consistent with the BA-a results. In Figure 2.10b, as the silica 
content in the blends increases, the resulting exotherm peak values shift to much lower 
temperatures ranging from 93 °C to 186 °C. The effectiveness of the SiOx-DMPOP lowering the 
cure temperature to a greater extent in the CrT system (compared to that of the BA-a system) is 
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likely attributed to the lower viscosity of the CrT.30 The exotherm onset values shift to lower 
temperatures as well (to 70-171 °C). This further supports that the addition of the mesylate 
groups on the silica results in the decrease in cure temperature of the polymer. Just as before, the 
enthalpy corresponding to the pure SiOx-DMPOP is considered when quantifying the cure 
exotherm’s enthalpy for each of the blends. These normalized enthalpy values were used to 
calculate the percent cure of CrT illustrated in Figure 2.10e where pure CrT is represented by an 
empty, upside-down triangle ( ). As mentioned before for the BA-a system, the missing degree 
of cure in this study could be attributed to the size of the particles. 
 A qualitative study was performed to test for the cure acceleration of CrT by the addition 
of SiOx-DMPOP on a macro-scale. To do this, a silicon mold with wells was heated on a hot 
plate to ~75 °C. The CrT monomer was added to two of the wells and allowed to melt. Once 
fully melted, SiOx-DHPOP and SiOx-DMPOP were sprinkled into respective wells. The well on 
the left in Figure 2.11a shows the CrT monomer beginning to melt and the well on the right 
shows fully melted CrT monomer. Figure 2.11b shows the result of adding SiOx-DMPOP (left) 
and SiOx-DHPOP (right) to the fully melted CrT. The CrT immediately turned a deep red color 
upon the addition of the SiOx-DMPOP. This physical change is characteristic of the benzoxazine 
polymerizing (curing). At the same temperature by which the CrT cured with the addition of 
SiOx-DMPOP, the addition of the SiOx-DHPOP to the CrT yields no change in the appearance of 
the CrT. This is a proof of concept that attaching a mesylate functional group to inorganic silica 
particles and grafting it with benzoxazine decreases the temperature at which the benzoxazine 
cures. Since the mechanical properties of the cure accelerated polybenzoxazine would be 




various dynamic mechanical analysis tests to investigate the mechanical properties of the cure 
accelerated benzoxazine blends. 
(a)  (b)  
Figure 2.11. Curing CrT in a silicon mold on a hot plate at ~75 °C; (a) Left: melting CrT, 
Right: melted CrT, (b) Left: CrT with SiOx-DMPOP, Right: CrT with SiOx-DMPOP. 
2.4 Conclusions 
The roles of mesylated silica particles for accelerating and grafting to a polybenzoxazine 
network derived from BA-a and CrT was studied. Characterization by XPS validates the 
successful mesylation of the silica particles by the presence of S=O bonds in the SiOx-DMPOP 
sample. FTIR studies of the effect of heating the SiOx-DHPOP and SiOx-DMPOP reveals that 
heating the SiOx-DHPOP up to 300 °C does not change the surface chemistry of the particle, 
however, as the SiOx-DMPOP is heated up to 300 °C adsorbed water is eliminated and an alkene 
is formed by the elimination of mesylate groups. This elimination reaction of the mesyated silica 
particles plays a very important role in the cure accelerating properties of the as it can be seen 




DMPOP no longer has the same cure accelerating properties as before. TGA gives an average 
char yield of 24 ± 7.8 % at 800 °C suggesting that the extent of mesylation is be between half- 
and full-mesylation. DSC of the BA-a system shows that when the end group functionalization 
was a hydroxyl group (DHPOP), the cure temperature of the BA-a decreased only slightly with 
the average cure temperature being a mere 13 °C less than that of the pure BA-a monomer. 
However, when the end group was a mesylate group (DMPOP), the cure temperature of the BA-
a decreased significantly with the average cure temperature being 124 °C lower than that of the 
pure BA-a monomer. Similarly, in the CrT system, when the end group functionalization on the 
silica particle was a hydroxyl group (DHPOP), the cure temperature of the CrT decreased only 
slightly with an average of 36 °C less than that of the pure CrT monomer. However, when the 
end group was a mesylate group (DMPOP), the cure temperature of the CrT decreased 
significantly with an average cure temperature 112 °C lower than that of the pure CrT monomer. 
These values support the role of mesylated silica particles being an accelerant for BA-a and CrT 
cure. Time studies for the stability of the blends show that after sitting in a drawer for three to 
four weeks does not have a significant effect on the cure acceleration properties of the mesylated 
silica particles. Now that we understand the properties of mesylated silica as the dispersed phase 
in particle-based benzoxazine composites we begin to work towards as a model for fiber-





Chapter 3: Aluminum Coated Glass and Fiberglass Substrates 
3.1 Introduction 
In this chapter we apply the findings of Chapter 2 to other substrates such as fiberglass or 
glass sheets. We investigate the cure accelerating properties of mesylated fiberglass (FG-SiOx-
DMPOP) as the dispersed phase in fiber-based benzoxazine composites. Understanding the 
mechanism of cure accelerated ROP by the addition of mesylate groups to substrates such as 
fiberglass is extremely useful for the future of the aerospace industry. Improved thermal 
properties is just one of the advantages to come out of this work. Studies have shown that 
treating glass fibers with organic groups promotes covalent bonding and enhances mechanical 
interlocking between the fiber and a polymer matrix.53 The additional bonding results in 
improved mechanical properties such as larger modulus, yield point and failure point.53 
Improved properties such as these help avoid catastrophic failure resulting from fiber pull out 
where the fibers in a composite separates and shifts away from a the matrix.54 The ability to 
manufacture a lightweight fiber-based polymer composite with favorable physical and 
mechanical properties at temperatures which are financially reasonable opens possibilities for 








Figure 3.1. Chapter 3 Goal: functionalize glass substrates with hydroxyl groups then convert 
them to mesylate groups in order to graft with polybenzoxazines. The substrate represents 




3.2.1 Materials. The bisphenol-A benzoxazine (BA-a) monomer was used as received from 
Huntsman. The (3-glycidyloxypropyl)trimethoxysilane (GPTMS) was purchased from Gelest. 
The methanesulfonyl chloride (99.5% purity) was purchased from Acros Organics. 4-
dimethylaminopyridine (DMAP; 99.0%) was purchased from TCI America. Chloroform was 
received from J.T. Baker. Methylene chloride (99.9% purity), toluene (99.5 % purity), methanol 
( 99.8 % purity) and acetone (99.5 % purity) were purchased from Fisher Chemical.  
 
3.2.2 Methods. A Nicolet iS10 FTIR spectrometer with a grazing angle reflectance FTIR (GA-
FTIR) accessory was used for FTIR studies (64 scans at 4 cm-1 resolution per spectra). An 
Attension Tensiometer was used for contact angle studies. 
 
2.2.3 Preparation of 3-(2,3-dihydroxypropoxy)propyl-functionalized Al Coated Glass and 




at 0.8 mm thick) were cut to a width of 1 cm and a length of 2.54 cm. A marking was scratched 
on one side of the glass to indicate the “face up” side to avoid contamination. All glass samples 
were sonicated three times in solutions of chloroform, acetone, and nanopure water for five 
minutes at a time. The samples were evenly dried with an air gun and put face up into the plasma 
etcher for 10 minutes. In a glovebox, the clean glass samples were soaked for one hour in a 
toluene mixture containing 0.5 vol% (3-glycidoxypropyl)trimethoxysilane (GPTMS). The glass 
samples were then transferred to a vial of toluene for extraction from the glovebox. Once more, 
the samples were transferred to another vial of toluene and dried evenly with an air gun. The 
GPTMS treated glass was then soaked in 0.5 M hydrochloric acid for 30 minutes and dried with 
air to enable the opening of the epoxide ring that results in a 1-2 diol with two exposed 
hydroxide groups (DHPOP).  
 
3.2.4 Mesylation of 3-(2,3-dimesylatepropoxy)propyl-functionalized Al Coated Glass and 
Fiberglass (AG-SiOx-DMPOP and FG-SiOx-DMPOP).  The process of mesylating both the 
fiberglass and Al coated glass substrate was identical to that of the silica particles mentioned in 
section 2.2.4. The substrates in this study were purified by soaking the substrates in 10 mL of dry 
chloroform and air drying with an air gun.  
 
3.2.5 Surface Analysis of SiOx-DHPOP- and SiOx-DMPOP- Functionalized Al Coated Glass 
and Fiberglass. A Surface Physics M-Probe ESCA X-ray photoelectron spectrometer (XPS) was 
used to collect elemental analysis of the surface of the AG-SiOx-DHPOP and AG-SiOx-DMPOP 
samples as well as the FG-SiOx-DHPOP and FG-SiOx-DMPOP samples. The instrument utilizes 




with microchannel plate detectors. The power at the anode for this study was set to 200 watts at a 
take-off angle of 55°, resulting in a probe depth of 3-10 nm. High-resolution analysis was 
performed on the oxygen 1s (O 1s), carbon 1s (C 1s), and sulfur 2p (S 2p). The spectra were fit 
using 100% Gaussian components and a Shirley background subtraction. All binding energies 
were corrected to the C 1s peak for the background hydrocarbon component (C–C/C–Hx) at 
284.9 eV.46  
 
3.2.6 Preparation of blends of fiberglass and benzoxazine. The general procedure for the 
preparation of FG-SiOx-DMPOP with bisphenol A benzoxazine (BA-a) is as follows: a 2 in. inch 
square of fiberglass was heated on a hotplate covered with aluminum foil. BA-a monomer was 
melted over the square and a second 2 in. square of fiberglass was sandwiched on top. The 
fiberglass, BA-a, fiberglass sandwich was allowed to cool to room temperature and was then cut 
into small discs using a 3/8 in. diameter hole punch.55 The discs were then massed and grouped. 
Those with similar masses were used for DSC testing. 
 
3.3.7 Mechanistic aspects for the cure of FG-SiOx-DMPOP:BA-a blends. There are multiple 
proposed mechanisms for the thermal cure of benzoxazine rings. Benzoxazine is known to cure 
at elevated temperatures (> 200 °C) via cationic ROP.15,30 Scheme 3.1. shows the nucleophilic 
attack by the oxygen atom from the oxaxine ring of the BA-a monomer at the mesylate end-
group of FG-SiOx-DMPOP resulting in the formation an oxonium cationic species.23 This 
pathway shows the formation of a free-mesylate that is associated with the generation of possible 









3.2.8 Thermal analysis. Differential scanning calorimetry (DSC) based cure studies were 
performed on all samples with a TA Instruments Q100. DSC samples consisted of 4 mg of 
fiberglass blends sealed in hermetically sealed aluminum pans. All DSC scans started with a 5 
min isotherm at 30 °C then ramped to 300 °C, then to 30 °C and back to 300 °C at 5 °C/min with 
a modulated temperature of ± 0.53 °C every 40 s. The peak temperature of the exothermic cure 
was estimated by integration of the exothermic peak using a tangential sigmoidal baseline. The 
peak onset temperature of the exothermic cure was estimated by plotting the first and second 
derivatives of heat flow with respect to temperature of each of the DSC traces. To do this the 
temperature at the point of inflection was found by intersecting the tangent at the inflection point 
with the tangents at the plateaus before and after the inflection point of the positive peak on the 
first derivative plot. This temperature was verified by the temperature of the first maximum on 























3.3 Results and discussion  
3.3.1 Preparation and Characterization of SiOx-DMPOP Substrates. Studies on glass 
substrates were done in parallel to those done on the silica particles in Chapter 2. Comparably, 
the functionalized substrates used in this section differ only by their end-group. The 
transformation of the hydroxyl groups into methanesulfonyl (mesylate) groups follows the same 
process as outlined in Scheme 2.1. The transformation is performed in a methylene chloride 
using methanesulfonyl chloride and DMAP as a catalyst.45 
 
3.3.2 Characterization of Aluminum Coated Glass by FTIR. Aluminum Coated Glass were 
applied to represent glass slides where the reflective Al coating permitted a Grazing angle 
reflectance FTIR (GA-FTIR) study. Both the FTIR spectra of Al-SiOx-DHPOP and Al-SiOx-
DMPOP in Figure 3.2 show a broad O-H peak at 3392 cm-1, two small sp3 C-H peaks at 2919 
cm-1 and 2865 cm-1, and an intense transverse optical (TO2) stretch associated with the 
asymmetric stretching of Si-O-Si at 1133 cm-1.33 While difficult to quantify by GA-FTIR, 
provided that the Si-O content remains the same, the relative intensity of the O-H peak to the Si-
O peak in the Al-SiOx-DMPOP sample is less than that in the Al-SiOx-DHPOP sample, 
suggesting possible substitution of some of the hydroxyl groups to mesylate groups.56 Other 
studies such as contact angle studies and XPS, can help verify the substitution of the hydroxyl 






Figure 3.2. GA-FTIR Spectra of Al Coated Glass with different surface treatments; DHPOP 
and DMPOP. 
 
3.3.3 Surface characterization of Al coated glass and Fiberglass by contact angle and XPS. 
Characterization by contact angle outlined in Tables 3.1 and 3.2 reveal that DMPOP surface 
treated fiberglass and Al coated glass samples yield higher contact angles compared to that of the 
DHPOP fiberglass and Al coated glass samples. This is indicative of the addition of a 
hydrophobic group to the glass surface, suggesting that the addition of mesylate groups to the 
glass surface was successful. Figure 3.3 outlines the comparison of the contact angle of a water 


























Figure 3.3. Contact angle comparison of hydrophobic vs. hydrophilic surface. 
 
Table 3.1. Contact Angle of Al Coated Glass 
Sample Contact Angle 
Al-SiOx-DHPOP < 5° 
Al-SiOx-DMPOP 71.4° 
 
 Table 3.2. Contact Angle of Fiberglass 
Sample Contact Angle 






XPS characterization was used to compare the chemical state of the AG-SiOx-DHPOP to 
AG-SiOx-DMPOP (Figure 3.4). High-resolution analysis was performed on the oxygen 1s (O 
1s), carbon 1s (C 1s), and sulfur 2p (S 2p) regions of both SiOx-DHPOP (top) and SiOx-DMPOP 
(bottom) (see Figures 3.4b-d). We found the ratio of the O 1s 530.8 eV (component B in Figure 
3.4b) to the S 2p 166.1 eV (component A in Figure 3.4d) to be 2.4:1. Prior to the high-resolution 
analysis, a survey scan was taken for both AG-SiOx-DHPOP (top) and AG-SiOx-DMPOP 
(bottom), see Figure 3.4a. Aside from the elements that were analyzed in high-resolution, the 
survey scan for AG-SiOx-DHPOP includes silicon 2s (Si 2s) and 2p (Si 2p) peaks from the SiOx 
at 152.8 eV and 103.7 eV, respectively. In the survey scan for AG-SiOx-DMPOP we again see the 
peaks for Si 2s (155.9 eV) and Si 2p (103.2 eV). However, this survey indicated the presence of 
chloride byway of the 2s and 2p peaks at 272.8 eV and 203.8 eV, respectively.57 The appearance 





(a)  (b)  
(c)  (d)  
Figure 3.4. XPS Al Coated Glass. Each graph shows the AG-SiOx-DHPOP spectrum on 
top and the AG-SiOx-DMPOP spectrum on the bottom. (a) Survey, (b) Oxygen 1s, (c) 
























































































































In the high-resolution studies the area under the curve, calculated by the sum of each fit 
component peak area, is corrected by normalizing the area with the elements’ respective relative 
sensitivity factor (RSF) value.58 Table 3.3 reports these values, along with the electron binding 
energies corresponding to the fit components of each high-resolution scan (O 1s, C 1s, and S 2p).   
 
 
Figure 3.4 and Table 3.3 highlight the similarities and differences in the O 1s, C 1s, and S 
2p signals after mesylation of the SiOx-DHPOP.  Looking specifically at the SiOx-DMPOP 
spectra (bottom), the appearance of component B, at 530.8 eV, in the Figure 3.3b and component 
A, at 166.2 eV, in Figure 3.4d correspond to the O 1s and S 2p of the S=O in the mesylate group, 
respectively.50 The lack of these peaks in the SiOx-DMPOP spectra (top) is evidence suggesting 
the successful addition of mesylate groups to the Al coated glass. 
Parallel XPS characterization was used to compare the chemical state of the FG-SiOx-
DHPOP to FG-SiOx-DMPOP (Figure 3.5). High-resolution analysis was performed on the 
oxygen 1s (O 1s), carbon 1s (C 1s), and sulfur 2p (S 2p) regions of both SiOx-DHPOP (top) and 
SiOx-DMPOP (bottom) (see Figures 3.5b-d). We found the ratio of the O 1s 530.8 eV 
(component B in Figure 3.5b) to the S 2p 166.3 eV (component A in Figure 3.5d) to be 3.4:1. 
Prior to the high-resolution analysis, a survey scan was taken for both FG-SiOx-DHPOP (top) 
Table 3.3. Electron Binding Energies and Peak Areas of Fit Components (i.e. A, B) for 
Functionalized Al Coated Glass 
 Oxygen 1s Carbon 1s Sulfur 2p 














 A B A B A 
AG-SiOx-
DHPOP 933.9 532.8 -- 1747.8 286.5 284.9 -- -- 
AG-SiOx-




and FG-SiOx-DMPOP (bottom), see Figure 3.5a. Aside from the elements that were analyzed in 
high-resolution, the survey scan for AG-SiOx-DHPOP includes silicon 2s (Si 2s) and 2p (Si 2p) 
peaks from the SiOx at 153.1 eV and 102.1 eV, respectively. In the survey scan for AG-SiOx-
DMPOP we again see the peaks for Si 2s (155.9 eV) and Si 2p (103.2 eV). However, this survey 
indicated the presence of chloride byway of 2s and 2p peaks at 270.6 eV and 200.3 eV, 
respectively.57 The appearance of these peaks could be residual HCl used to open the epoxide 







(a)  (b)  
(c)  (d)  
Figure 3.5.  XPS Fiberglass. Each graph shows the FG-SiOx-DHPOP spectrum on top 
and the FG-SiOx-DMPOP spectrum on the bottom. (a) Survey, (b) Oxygen 1s, (c) 





















































































































In the high-resolution studies the area under the curve, calculated by the sum of each fit 
component peak area, is corrected by normalizing the area with the elements’ respective relative 
sensitivity factor (RSF) value.58 Table 3.4 reports these values, along with the electron binding 
energies corresponding to the fit components of each high-resolution scan (O 1s, C 1s, and S 2p).   
 
Table 3.4. Electron Binding Energies and Peak Areas of Fit Components (i.e. A, B) for 
Functionalized Fiberglass 
 Oxygen 1s Carbon 1s Sulfur 2p 














 A B A B A 
FG-SiOx-
DHPOP 181.7 532.5 -- 503.8 286.5 284.9 -- -- 
FG-SiOx-
DMPOP 197.0 532.5 530.8 485.6 287.9 284.9 14.3 166.3 
 
Figure 3.5 and Table 3.4 highlight the similarities and differences in the O 1s, C 1s, and S 
2p signals after mesylation of the SiOx-DHPOP.  Looking specifically at the SiOx-DMPOP 
spectra (bottom), the appearance of component B, at 530.8 eV, in the Figure 3.5b and component 
A, at 166.3 eV, in Figure 3.5d correspond to the O 1s and S 2p of the S=O in the mesylate group, 
respectively.50 The lack of these peaks in the SiOx-DMPOP spectra (top) is evidence suggesting 
the successful addition of mesylate groups to the fiberglass. 
 
 
3.3.4 Thermal behavior of blends of glass fibers with BA-a. The cure of solvent free blends of 
BA-a with either SiOx-DHPOP or SiOx-DMPOP were studied by differential scanning 
calorimetry (DSC). A heat-cool-heat program was selected to characterize the thermal transitions 
of the BA-a in the blends prior to the literature thermal ROP of the pure resins. The blends were 
prepared by sandwiching melted BA-a between two fiberglass squares on a hot plate. The sample 




ensure successful binding of the BA-a to the fiberglass, the discs were placed back a warm 
hotplate for ~30 sec. Discs of similar masses were placed in aluminum DSC pans and 
hermetically sealed. Figure 3.6 shows the comparison of the DSC traces for the first heating 
curve of the FG-SiOx-DHPOP/BA-a and the FG-SiOx-DHPOP/BA-a blends to that of pure BA-a. 
In this study, the FG-SiOx-DHPOP/BA-a blend increases the cure temperature of the BA-a by 2 
°C. However, the FG-SiOx-DMPOP coated with BA-a shows a 21 °C decrease in the cure 
temperature of BA-a. This suggests that the mesylate group on the fiberglass is acting as a cure 
accelerant in this system. Refer to Section 2.3.3, which describes the mechanistic aspects for the 
cure of SiOx-DMPOP:BA-a blends.  
 
 
Figure 3.6. DSC heat curves from the first scan of blends of BA-a with FG-SiOx-DHPOP and 









































The exact values for the onset temperature, peak temperature, enthalpy, and sample mass of the 
samples seen in Figure 3.6 are outlined in Table 3.5. 
 










Mass of Sample 
(mg) 
FG-SiOx-DHPOP 219 229 227 4.16 
FG-SiOx-DMPOP 180 206 259 1.88 
Pure BA-a 215 227 241 4.76 
 
3.4 Conclusions 
This chapter investigates DHPOP and DMPOP functionalized substrates, including 
fiberglass and Al coated glass. Characterization by FTIR, contact angle, and XPS suggest 
successful mesylation of the glass substrates. A DSC study on the fiberglass/BA-a blends reveal 
improved thermal properties of BA-a. FTIR studies on the AG-SiOx-DMPOP feature a decrease 
in the broad O-H signal, compared to that of AG-SiOx-DHPOP, suggesting successful 
conversion of the hydroxyl groups to mesylate groups. The Al coated glass and fiberglass treated 
with DMPOP increased the contact angle by ~65° and ~90°C, respectively. XPS surface analysis 
supports this finding by the presence of sulfur 2p and oxygen 1s peaks associated with the S=O 
bond of the mesylate in the SiOx-DMPOP, AG-SiOx-DMPOP and FG-SiOx-DMPOP samples. 
The ratio of the 531 eV O 1s component to the 167 eV S 2p component is roughly similar 
between the three types of samples, suggesting that the chemical state of each material is similar. 
DSC of the functionalized fiberglass/BA-a blends agrees with the results of the functionalized 




temperature of the BA-a. This study revealed that FG-SiOx-DMPOP decreases the cure 
temperature of pure BA-a by 21 °C. Contrasting from the particle study, the FG-SiOx-DHPOP 
increases the cure temperature of BA-a by 4 °C. Future work of this research is to study the 
mechanical properties and extent of bonding within the silica particle/BA and fiberglass/BA 
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Figure A1. 1H NMR of Huntzman benzoxazine (BA-a) in CDCl3. 
 
 






Figure A3. 1H NMR of dimethylaminopyradine (DMAP) in CDCl3. 
 
 









Table A1. TGA degree of mesylation calculator. 











165	 𝑔 𝑚𝑜𝑙⁄ × 100
= 69.79%  
 
(a) (b) 
                                   (c) 
Figure A5. TGA scans from 100-800 °C of (a) SiOx-DHPOP, (b) SiOx-DMPOP, and (c) SiOx-
DMPOP pre-heated to 150 °C.   












































 SiOx-DHPOP Scan 1
 SiOx-DHPOP Scan 2
36%





















 SiOx-DMPOP Scan 1
 SiOx-DMPOP Scan 2















167	 𝑔 𝑚𝑜𝑙⁄ × 100
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ATR Attenuated total reflectance 
BA Benzoxazine 
BA-a Bisphenol A-based benzoxazine 
BET Brunauer, Emmett, and Teller. Determination of specific surface area 
CrT Cresol benzoxazine 
CTAB Cetyltrimethylammonium bromide 
DMAP Dimethylaminopyridine 







FTIR Fourier-transform infrared spectroscopy 
GA-FTIR Grazing angle reflectance- Fourier transform infrared spectroscopy  
GFRP Glass fiber reinforced plastic 
GPTMS (3-glycidoxypropyl) trimethoxysilane 
HOMs Methane sulfonic acid 
ICP-MS Inductively Coupled Plasma- Mass Spectrometry  
IUPAC International Union of Pure and Applied Chemistry 







PBA-a Poly bisphenol A-based benzoxazine 
PTFE Polytetrafluoroethylene 
ROP Ring opening polymerization 
PVC Poly(vinyl chloride) 
RSF Relative sensitivity factor 
SAM Self-Assembled Monolayer 







TEOS Tetraethyl orthosilicate 
TGA Thermogravimetric Analysis 
TGA-FTIR Thermogravimetric Analysis- Fourier-transform infrared spectroscopy 
TGA-MS Thermogravimetric Analysis- Mass Spectrometry  
TROP Thermal ring opening polymerization  
TO1 Shoulder transverse optical 
TO2 Intense transverse optical  
